Introduction 70
Oscillatory activity of neuronal assemblies is an ubiquitous phenomenon in the brain ob-71 served within and between different brain structures and across species (Buzsáki, 2006) . 72
During the past decades these oscillations have been linked to a variety of brain functions 73 such as memory, perception and cognitive performance (Klimesch, 1999; Basar et al., 2000; 74 Buzsáki, 2006; Klimesch et al., 2007) . Traditionally, these relationships were fruitfully investi-75 gated using imaging techniques such as Electro-or Magnetoencephalography (EEG/MEG). 76
However, in their nature these approaches are correlational and cannot resolve causal rela-77 tionships between neural oscillations and cognitive processes. The recent (re-)discovery of 78 non-invasive transcranial electrical stimulation (tES) now allows to directly probe these caus-79 al relationships (Herrmann et al., 2016b) . 80
The application of oscillatory currents through the scalp by means of transcranial alternating 81 current stimulation (tACS) has been shown to modulate endogenous brain oscillations in a Besides outlasting effects on the power of spontaneous oscillations, tACS has more recently 94 been demonstrated to alter event-related oscillatory dynamics in the context of a cognitive 95 task (Kasten and Herrmann, 2017) . In that study, event-related desynchronization (ERD) was 96 enhanced after tACS application, accompanied by facilitated performance in a classic mental 97 rotation (MR) task (Shepard and Metzler, 1971 ; Kasten and Herrmann, 2017) . The amount of 98 ERD in the alpha band had previously been linked to MR performance (Michel et al., 1994; 99 Klimesch et al., 2003) . Although an increase in task performance was already observed dur-100 ing tACS, the precise oscillatory dynamics during tACS remain unclear (Kasten and 101 Herrmann, 2017 ). An understanding of the effect of tACS on event-related oscillations is 102 however crucial, given that many tACS-studies solely measure behavior. Depending on 103 whether the stimulation merely affects pre-or post-stimulus oscillations or both, tACS may 104 increase, decrease or not effect patterns of ERD/ERS with different behavioral outcomes to 105 be expected. The current study aims to provide a first step towards understanding the effects 106 of tACS on event-related power-modulations during stimulation. To this end, the experiment 107 of Kasten and Herrmann (2017) was repeated in a MEG setup. The application of linearly 108 constrained minimum variance beamforming (LCMV, Van Veen et al., 1997) on MEG record-109 ings has been shown to substantially suppress electromagnetic artifacts encountered during 110 tES (Soekadar et al., 2013; Neuling et al., 2015) . Although this approach will never complete-111 ly remove artifacts from the signal (Noury et al., 2016; Mäkelä et al., 2017; Noury and Siegel, 112 2017), artifact suppression might still be sufficient to recover changes in event-related dy-113 namics during tACS (Neuling et al., 2017) . 114
Here, this approach was utilized to recover the event-related power-modulations in the alpha 115 band encountered during MR. Based on previous behavioral results, an increase in alpha 116 power-modulation during tACS was hypothesized (Kasten and Herrmann, 2017) . Measures 117 to capture tACS effects were carefully chosen to be robust against the possible influence of 118 residual artifacts in the data and control analyses were conducted to rule out that the ob-119 served effects can be attributed to a residual artifact. 120 2 Methods 121
Participants 122
Twenty-five healthy volunteers were randomly assigned to one out of two experimental con-123 ditions. They received either 20 minutes of tACS or sham stimulation throughout the course 6 of the experiment. All were right-handed according to the Edinburgh-handedness scale 125 (Oldfield, 1971) and had normal or corrected to normal vision. Participants gave written in-126 formed consent prior to the experiment and reported no history of neurological or psychiatric 127 conditions. The experiment was approved by the "Commission for Research Impact As-128 sessment and Ethics" at the University of Oldenburg and conducted in accordance with the 129 declaration of Helsinki. Three subjects exhibited low tolerance to skin or phosphene sensa-130 tions while determining the individual stimulation intensity (see section 2.3). Due to the result-131 ing low stimulation currents (below 0.4 mA) these subjects were excluded from the analysis. 132 Furthermore, two participants were excluded as they did not exhibit alpha modulation in re-133 sponse to the cognitive task during the baseline block. Data of twenty subjects (10 in stimula-134 tion group 10 in sham, age: 26 ± 3 years, 8 females) remained for analysis. Although exper-135 iment was initially counterbalanced for participants' sex, the exclusion of subjects resulted in 136 an imbalance in the sham group (7 males vs. 3 females, 5 males vs. 5 females in the stimu-137 lation group). 138
Magnetoencephalogram 139
Neuromagnetic activity was recorded at a rate of 1000 Hz using a 306 channel whole-head 140 MEG system (Elekta Neuromag Vectorview, Elekta Oy, Helsinki, Finland) with 102 magne-141 tometers and 204 orthogonal, planar gradiometers, sampling from 102 distinct sensor loca-142
tions. An online band-pass filter between 0.1 Hz and 330 Hz was applied. The experiment 143 was conducted in a dimly lit, magnetically shielded room (Vacuumschmelze, Hanau, Germa- and Oz (4 x 4 cm) of the international 10-20 system (Figure 1B) , using an adhesive, electri-169 cally conductive paste (ten20 conductive paste, Weaver and Co., USA). Impedance was kept 170 below 20 kΩ (including two 5 kΩ resistors in the cables of the MRI extension-kit of the stimu-171 lator). Accordingly, impedance directly under the electrode was limited to 10 kΩ. 172
To minimize confounding influences from either phosphene or skin sensations, tACS was 173 applied below participants' individual sensation threshold, using an established thresholding 174 procedure (Neuling et al., 2013 (Neuling et al., , 2015 Kasten et al., 2016; Kasten and Herrmann, 2017) . To 175 this end, participants were stimulated with an initial intensity of 500 µA at their IAF. Depend-176 ing on whether participants noticed the initial stimulation, intensity was either increased or 177 decreased in steps of 100 µA until they noticed/not noticed the stimulation. The highest in-178 tensity at which participants did not notice the stimulation was later used as tACS intensity in 179 the main experiment. The thresholding was performed for both groups in order to keep ex-8 perimental procedures similar. The obtained intensities for the sham group were applied dur-181 ing the 30 s stimulation train in the beginning of the stimulation block (see above). Three par-182 ticipants exhibited sensation threshold below 400 µA and were excluded from analysis. On 183 average, participants were stimulated with 715 µA ± 301 µA (peak-to-peak; stimulation 184 group: 680 µA ± 175 µA) at a frequency of 10.5 Hz ± 0.9 Hz. TACS or sham stimulation was 185 applied for 20 minutes during the second and third block of the behavioral experiment. 186
Mental rotation task 187
Visual stimuli were presented using Psychtoolbox 3 (Kleiner et al., 2007) implemented in the 188 same Matlab script that generated the stimulation signal. Visual stimuli were rear-projected 189 onto a screen inside the MSR at a distance of approx. 100 cm from the participant. Filter coefficients were individually estimated for each block using the noise covariance ma-232 trix, an equally spaced (1.5 cm) 889 point grid warped into Montreal Neurological Institute 10 (MNI) space, and single-shell headmodels (Nolte, 2003) , created from individual T1-weighted 234
MRIs. MRIs were co-registered to the median head position in each block, estimated from 235 continuous HPI signals using the Elekta Neuromag MaxFilter™ software (Elekta Oy, Helsin-236 ki, Finland). The signal-space-separation method (Taulu et al., 2005) , offered by the software 237 was not applied, as it apparently corrupted tACS artefact suppression after beamforming. 238
Covariance matrices were estimated by segmenting each MEG recording into 2 s epochs. 239
The regularization parameter λ for the LCMV beamformer was set to zero to ensure optimal 240 artifact suppression as suggested by Neuling et al. (2017) . 241
Sensor space MEG data were segmented -5 s to 7 s around the onset of the MR stimuli. 242
Epochs were then projected into sensor space using the previously obtained beamformer 243 filters, resulting in 889 virtual channels, distributed over the brain. A time-frequency analysis 244
was computed for all trials using Morlet-wavelets with a fixed width of 7 cycles. The resulting 245 time-frequency spectra were subsequently averaged for each block. 246
As mentioned above, all analysis procedures in this study were rigorously checked with re-247 spect to their robustness against influences from residual artifacts in the data ( where R is the oscillatory power within the frequency band of interest during a reference pe-254 riod prior to stimulus onset and A is the power during a testing period after stimulus onset, 255 respectively. However, assuming that residual tACS artifacts (RRes and ARes) are equally con-256 tributing to R and A, this would change the equation in the following way: 257 = * 100
(2) 258
Given that the residuals in R and A are uncorrelated with the task and have approximately 259 equal strength (RRes ≈ ARes), their influence cancels out in the numerator, but biases the de- For this reason the pure difference between reference and testing period (for the sake of 264 clarity in the following referred to as event-related power difference; ER∆Pow) was used to 265 more accurately capture event-related power modulations in the current study: 266
Power in the individual alpha band (IAF ± 2 Hz) was extracted with reference and test period 268 ranging from -2.5 s to -0.5 before and 0 s to 2 s after stimulus onset, respectively. 269
Performance of the artifact suppression was evaluated by estimating the size of the residual 270 artifact relative to the brain oscillation of interest (see next section). As it will be described in 271 more detail in the results section, the beamformer successfully suppressed the tACS artifact 272 from approx. 2,500,000 times the size of human alpha oscillations down to a factor of < 3. tion. In order to test whether the effects of tACS were specific to the alpha band the same 286 analysis was performed on power modulations in the lower (IAF + 3 Hz to IAF + 11 Hz) and 287 upper (IAF + 12 Hz to IAF + 20 Hz) beta band within the ROI.
Evaluation of artifact suppression and control analyses 289
As discussed earlier, the application of LCMV beamforming results in a strong, however im-290 perfect suppression of the tACS artifact (Noury et al., 2016; Mäkelä et al., 2017; Noury and 291 Siegel, 2017) . It is therefore crucial to characterize the achieved artifact suppression and to 292 rule out that effects observed during stimulation result from residual artifacts in the data ra-293 ther than an effect of tACS on the brain. 294
In order to evaluate the artifact suppression achieved by the spatial filtering procedure, par-295 ticipants' alpha power (IAF ± 2 Hz) was extracted from the pre-stimulus interval of the base-296 line and the two stimulation blocks. The power in the baseline block provides an estimate of 297 participants' natural, artifact-free alpha power that can be compared to the power encoun-298 tered during stimulation blocks before (on the sensor-level) and after beamforming (on the 299 source-level). It is therefore possible to roughly estimate the size of the stimulation artifact 300 relative to the brain signal of interest. This artifact-to-brain-signal-ratio was calculated for 301 each magneto-and gradiometer channel as well as for each virtual channel after LCMV. 302 While this measure is not able to disentangle brain signal/tACS effects from a residual arti-303 fact after LCMV, it can provide an upper boundary for the size of the residual artifact as well 304 as its spatial distribution. 305 A major assumption of the presented analysis framework for event-related power modula-306 tions during tACS is that the (residual) artifact has similar strength during the pre-and post-307 stimulus intervals, such that its influence cancels out when contrasting (subtracting) the two 308 Analysis of RTs revealed a trend for the factor block (F5,90 = 2.47, p = .07, η 2 = 0.03), but no 354 effect of stimulation (F1,18 = 1.02, p = .33, η 2 = 0.04). Results of the behavioral analysis are 355 summarized in Figure 2 . 356
Event-related alpha modulation 357
Comparison of pre-and post-stimulus IAF-band power during the baseline block revealed a 358 significant cluster in occipito-parietal areas (pcluster < .001, Figure 3A) for the whole sample. 359
The identified cluster was used as a ROI to extract the time-course of ER∆Pow from the differ-360 ent blocks and to limit the subsequent analysis to physiologically meaningful brain regions. 361
The subsequent rmANOVA revealed a significant main effect of block (F5,90 = 7.22, p = .009, 362 η 2 = .15) as well as a significant condition*block interaction (F5,90 = 6.81, p = .011, η 2 = .15), 363 and a trend for the main effect of condition (F1,18 = 3.62, p = .07, η 2 = .10). Please refer to 364 Figure 3B for an overview of the time course of relative ER∆Pow. To further resolve the signif-365 icant interaction, separate rmANOVAs were performed on the data acquired during and after 366 stimulation. This analysis exhibited a significant main effect of condition (F1,18 = 9.34, p = 367 .007, η 2 = .27) during stimulation, but not thereafter (condition: F1,18 = 0.14, p = .71, η 2 < .01, 368 Figure 3C ). Furthermore, a significant effect of block (F3,54 = 3.55, p = .02, η 2 = .02), as well 369 as a significant condition*block interaction (F3,54 = 3.10, p = .034, η 2 = .02) were found in the post-stimulation data. None of the other main effects or interactions reached significance. It 371 was not possible to further resolve the significant condition*block interaction during the post-372 stimulation blocks. Separately testing relative ER∆Pow values of the two experimental groups 373 against each other did not reveal significant differences for any of the blocks (all p > .12, 374
Welch two-sample t-test, one-tailed, uncorrected). Based on pure visual inspection, the effect 375 appears to be driven by a group difference during the first block after stimulation (block 4, 376 see Figure 3B ), which might be indicative of a weak tACS aftereffect during this block. Refer 377
to Figure 4 for group-averaged time-frequency representations of participants' normalized 378 alpha power change and the corresponding source-level topographies within the analyzed 379
ROI. 380
A non-significant positive correlation between the increase in ER∆Pow during stimulation and 381 stimulation intensity was observed in the stimulation group (r = .40, t8 = 1.25, p = .24). A 382 weak negative non-significant correlation was observed in the sham group (r = -.26, t8 = -383 0.78, p = .45; Figure 3D) . 384
To test whether the effects of tACS were specific to the alpha band, the analysis was repeat-385 ed on event-related power modulations in the lower (IAF + 3 Hz to IAF + 11 Hz) and upper 386 (IAF + 12 Hz to IAF + 20 Hz) beta band within the ROI. The rmANOVA for the lower beta 387 band revealed a significant effect of block (F5,90 = 15.10, p < .001, η 2 = .17) as well as a sig-388 nificant condition*block interaction (F5,90 = 9.37, p < .001, η 2 = .11). Two separate rmANOVAs 389 testing the effects during and after stimulation, revealed a trend for the factor condition during 390 stimulation (F1,18 = 4.17, p = .056, η 2 = .18) as well as a significant effect of block (F1,18 = 391 4.72, p = .043, η 2 = .02). After stimulation only a trend for the factor block was found (F3,54 = 392 2.28, p = .09, η 2 = .03). No significant effects were found in the analysis of the upper beta 393 band. Figure 3E ,F summarize results for the lower and upper beta band analysis (all p > .1). 394
There were no significant correlations between relative ER∆Pow and change in task perfor-395 mance during (ronline = .3, t18 = 1.37, p = .18) or after stimulation (roffline = .11, t18 = 0.49, p = 396 .62). Descriptively the correlation was higher for the sham group during both during and after 397 stimulation (rSham/online = .51, t8 = 1.67, p = .13; rSham/offline = .54, t8 = 1.83, p = .1) as compared to the stimulation group (rStim/online = .09, t8 = 0.27, p = .8; rStim/offline = -.16, t8 = -0.45, p = .67; 399 Figure 3G,H) . 400
Control Analyses 401
To rule that the strikingly strong facilitation of power-modulations in the alpha band is driven 402 by residual artifacts, some control analyses were performed. In a first step, the performance 403 of the artifact suppression achieved by LCMV was evaluated. To this end, the ratio of pre-404 stimulus alpha power during the (tACS-free) baseline block and the two tACS blocks was 405 compared in sensor and source space. In the sensor-space, this artifact-to-brain-signal-ratio 406 was on average 2,534,000:1 in block 2 and 2,569,000:1 in block 3 (average over all sensors 407 and subjects). After LCMV beamforming the ratio was reduced to 2.72:1 in block 2 and 408 3.13:1 in block 3 (average over virtual sensors and subjects). The largest ratio observed in a 409 single virtual channel of one subject after beamforming was 93.42:1. Figure 5 illustrates the 410 spatial distribution of the alpha to artifact ratio on the source level. The ratio is highest in cen-411 tral areas, covered by stimulation electrodes and cables. Outside these areas the ratio is 412 substantially smaller and falls within a physiologically plausible range for alpha band oscilla-413 tions (< 3:1/4:1). Overall artifact suppression appears to be slightly worse during block 3 as 414 compared to block 2. 415
The event-related envelope of the sham group reflects the typical pattern of alpha power 416 decrease after stimulus onset in the MR task in both sensor types. This was supported by the 417 permutation cluster analysis, which revealed significant positive clusters in the magnetometer 418 and the gradiometer data (pcluster < .001, Figure 6A ,C; significant sensors are marked by 419 black dots). This was further supported by the high correlation between source-level power 420 modulation and envelope difference of magnetometer (r = .96, t8 = 10.17, p < .001, Figure  421 6B) and gradiometer channels (r = .88, t8 = 5.23, p < .001; Figure 6D ). In the stimulation 422 group time-course and topography of the envelope overall exhibits a reversed pattern with 423 lower amplitudes before stimulus onset and increased amplitude thereafter. In addition, the 424 envelope time-course of gradiometers shows a prominent rhythmic activity in the range of 1 425 to 2 Hz. Such modulations could potentially reflecting heart-beat related modulations (Noury et al., 2016) . However, given that this rhythmic activity was only observed in one sensor type 427 and in a relatively systematic manner, might be more likely to reflect a technical artifact. Im-428 portantly, no such rhythmic modulation was evident in the time-frequency representations 429 after LCMV (Figure 4) . Results of the cluster analysis revealed positive clusters in the gradi-430 ometer data in only a few frontal sensors (pcluster < .05, Figure 6 , top left) as well as positive 431 and negative clusters for some magnetometer channels (pcluster < .05). No significant correla-432 tion between the observed source-level power modulations and the sensor level envelope 433 differences in magnetometer (r = .13, t8 = 0.37, p = .72) or gradiometer sensors (r = .26, t8 = 434 0.75, p = .47) was evident. Overall, results do not support the idea that the effects observed 435 on the source level can be explained by systematic, task-related changes in artifact strength. 436
Only very few channels exhibit significant task-related power modulations, which, in addition, 437 rather seem so show a reversed pattern of artifact modulation as compared to the source 438 level data. The findings presented in the study provide first direct insights to online effects of tACS on 529 event-related oscillations in humans. The effects were investigated using a rather simplistic 530 approach utilizing only two conditions (stimulation vs. sham) and one stimulation frequency 531 targeting posterior alpha oscillations with a Cz-Oz montage. This path was chosen to first 532 establish an analysis and control analysis framework for the investigation of tACS online ef-533 fects on event-related oscillations, before approaching more complex designs, requiring larg-534 er sample sizes and higher computational efforts. TACS experiments generally allow for a 535 multitude of control and contrast conditions including alternative electrode montages and 536 frequencies. The current study can therefore neither resolve frequency nor montage speci-537 ficity of tACS effects. However, with the present results and the proposed analysis pipeline 
